Polycystin-2 (PC2), the gene product of one of two genes mutated in dominant polycystic kidney disease, is a member of the transient receptor potential cation channel family and can function as intracellular calcium (Ca 2؉ ) release channel. We performed a yeast two-hybrid screen by using the NH 2 terminus of PC2 and identified syntaxin-5 (Stx5) as a putative interacting partner. Coimmunoprecipitation studies in cell lines and kidney tissues confirmed interaction of PC2 with Stx5 in vivo. In vitro binding assays showed that the interaction between Stx5 and PC2 is direct and defined the respective interaction domains as the t-SNARE region of Stx5 and amino acids 5 to 72 of PC2. Single channel studies showed that interaction with Stx5 specifically reduces PC2 channel activity. Epithelial cells overexpressing mutant PC2 that does not bind Stx5 had increased baseline cytosolic Ca 2؉ levels, decreased endoplasmic reticulum (ER) Ca 2؉ stores, and reduced Ca 2؉ release from ER stores in response to vasopressin stimulation. Cells lacking PC2 altogether had reduced cytosolic Ca 2؉ levels. Our data suggest that PC2 in the ER plays a role in cellular Ca 2؉ homeostasis and that Stx5 functions to inactivate PC2 and prevent leaking of Ca 2؉ from ER stores. Modulation of the PC2/Stx5 interaction may be a useful target for impacting dysregulated intracellular Ca 2؉ signaling associated with polycystic kidney disease.
A
utosomal dominant polycystic kidney disease (ADPKD) is characterized by the growth of cysts, occurring over decades, in previously normal appearing kidney tubules (1) . A functional hallmark of ADPKD is the loss of a calcium (Ca 2ϩ ) signal that serves to inhibit dysregulated kidney tubule cell proliferation, polarization, and secretory function. Either of two causative genes, PKD1 or PKD2, can initiate cyst formation after homozygous loss-of-function mutations, typically resulting from a combination of germline mutation on one allele followed by somatic second step mutation occurring at the level of individual cells. The respective protein products, polycystin-1 (PC1) and polycystin-2 (PC2), form a receptor-channel complex in the membrane of the apical primary cilia in renal tubular cells (2, 3) , as well as in bile and pancreatic duct cells. PC2 (TRPP2), a member of the transient receptor potential (TRP) cation channel family, is abundantly expressed in the endoplasmic reticulum (ER) membrane (4) and has been shown to function as a Ca 2ϩ release channel from intracellular stores (5, 6) . Indirect evidence has led to the proposal that PC2 channel activity is required for the rise in cellular Ca 2ϩ in ciliated monolayers of cultured epithelial cells under conditions of laminar shear stress because of fluid flow (7, 8) . This response to flow requires Ca 2ϩ from both extracellular and ER stores (9) .
Although variations in the reported channel properties of PC2 exist, it is generally accepted that PC2 is a high conductance cation channel (40-177 pS) whose activity is modulated by Ca 2ϩ , pH (10) , and phosphorylation (11) . Maintenance of cellular Ca 2ϩ homeostasis within tight tolerances requires exquisite regulation of PC2 activity, especially in the ER, where PC2 is abundantly expressed (5) . PC2 functionally interacts with both major types of intracellular release channels, InsP 3 R (6) and RyR (12) , to modulate intracellular Ca 2ϩ signaling. However, neither InsP 3 R nor RyR directly regulate PC2 channel activity (6, 12) . Among other PC2 interacting proteins described to date, only PC1, ␣-actinin, mammalian diaphanous-related formin 1 (mDia), and fibrocystin have been suggested to modulate PC2 channel activity (13) (14) (15) (16) . However, interaction with PC1, ␣-actinin, and fibrocystin have been proposed to activate the PC2 channel (13, 14, 16) , and mDia1 does not act at the ER (17) , leaving unanswered the question of how the PC2 channel is kept inactive at the ER membrane.
We performed a yeast two-hybrid screen by using the NH 2 terminus of PC2 and among the candidate interacting partners we identified was syntaxin-5 (Stx5). Syntaxins are a large family of proteins with well-defined functions in vesicle targeting and fusion. In addition, syntaxins have been shown to interact with, and regulate the channel activity of, a number of transport proteins, most prominently the synaptic N-and P/Q-type Ca 2ϩ channels (18) , but also Kv channels (19) , CFTR (20) , and ENaC (21) . The various syntaxins localize to specific membrane domains within the cell. Stx5 is an ER-and Golgi-associated t-SNARE. Stx5 function is essential for formation of ER-derived transport vesicles and for delivery of cargo to the Golgi (22) , as well as for intra-compartment fusion in the vesicle-tubular compartment and cis-Golgi cisternae formation (23) . The in vivo interaction of PC2 with Stx5 was confirmed by coimmunoprecipitation studies including native kidney tissue. The region of physical interaction was defined as the t-SNARE domain of Stx5 and amino acids 5 to 72 of PC2. Single channel analyses of PC2 function in vitro showed that the interaction with Stx5 specifically inactivates channel activity in a concentration dependent manner. In vivo studies examining Ca 2ϩ dynamics in epithelial cells in culture showed that expression of a mutant form of PC2 that cannot bind Stx5 results in increased baseline cytosolic Ca 2ϩ levels, with concomitant decrease in ER Ca 2ϩ stores and reduced ER Ca 2ϩ store release in response to arginine vasopressin (AVP) stimulation. In aggregate, the data show that PC2 in the ER plays a role in cellular Ca 2ϩ homeostasis and that Stx5 functions to inactivate PC2 and prevent leak of Ca 2ϩ from ER stores.
Results

PC2
Coimmunoprecipitates with Stx5 in Cells and Tissues. Stx5 was identified as a putative PC2 interacting protein in a yeast two-hybrid screen by using the cytoplasmic NH 2 -terminal domain of PC2 (amino acids 3-213) as bait. Stx5 is translated from a single transcript into long (Stx5L) and short (Stx5S) forms based on alternative translation initiation sites (24) (supporting information (SI) Fig. S1 A) . We produced anti-Stx5 antisera by using epitopes in a region of mouse Stx5S (amino acids 55-333) expected to recognize both isoforms of Stx5. The antisera specifically recognize both forms of the protein on immunoblots ( Fig. S1 B and C) and by immunocytochemistry ( Fig. S2 A and B) . Interaction of full length PC2 with both isoforms of Stx5 was demonstrated by coimmunoprecipitation from doubly transfected cell lines (Fig. 1 A) and both proteins colocalized in ER membranes (Fig. S2C) . Interaction of the native proteins was initially assessed in conditionally immortalized cell lines isolated from the medullary thick limb (M) and collecting duct (C) segments of a mouse line transgenic for a BAC containing Pkd2. The relative expression of PC2 in kidneys from the Pkd2-BAC transgenic line is increased approximately fourfold (Fig.  S3A) . Immunopreciptiation of endogenous Stx5 with polyclonal antisera resulted in coimmuprecipitation of PC2 (Fig. 1B) . In a nontransgenic cell line model, endogenous Stx5 and PC2 were successfully coimmunprecipitated from M1 cells (Fig. 1C) . Finally, endogenous Stx5 and PC2 were coimmunoprecipitated from whole kidney tissue lysates of the Pkd2-BAC transgenic mouse line (Fig.  1D ). In aggregate, these studies confirm that the interaction discovered in yeast two-hybrid screening occurs in physiological conditions with native full-length proteins.
Direct Interaction of the t-SNARE (H3) Domain of Stx5 and the First 72
aa of PC2. A series of in vitro interaction assays using the far Western technique demonstrated direct physical interaction between Stx5 and PC2 and defined the regions of the respective proteins involved in this interaction (Fig. 2) . We produced maltose binding protein (MBP)-fusion constructs containing the entire cytosolic domain of Stx5S with both syntaxin and t-SNARE domains (F1), a part of the syntaxin domain and all of the t-SNARE domain (F2), only the syntaxin domain (F7), or only the t-SNARE domain (F8) (see Fig.  S1 A). These fusion proteins were expressed in bacteria, purified with amylose binding resin, transferred onto PVDF membranes, and probed with GST-fusion protein containing the NH 2 -terminal domain of PC2 used as bait in the yeast two-hybrid screen (amino acids 3-213) (see Fig. 2 A) . PC2 did not bind to the syntaxin proteins Stx1A, Stx4, or Stx12 in the same assay, indicating that the interaction with Stx5 was specific (data not shown) and we excluded the possibility that the GST protein was responsible for the interaction (Fig. S3B) . PC2 bound to all Stx5 peptides containing the t-SNARE domain but did not bind to the peptide containing only the syntaxin domain (see Fig. 2 A) . Next, LLC-PK 1 cell lines stably expressing COOH-terminal truncated PC2 (PC2-L703X) or the serial NH 2 -terminal deletion constructs ⌬(5-72)PC2-L703X, ⌬(72-130)PC2-L703X, and ⌬(130-220)PC2-L703X (25) were subjected to coimmunoprecipitation studies with anti-Stx5 antisera. All PC2 deletion forms except ⌬(5-72)PC2-L703X coimmunoprecipitated with Stx5 ( Fig. 2B) , suggesting the region contained in amino acids 5-72 of PC2 is necessary for interaction with Stx5. The Stx5 interaction region of PC2 is distinct from the RyR interaction domain (12) and the cilia-targeting domain of PC2 (data not shown). The far Western in vitro binding assay was used to confirm physical interaction between amino acids 5-72 of PC2 and Stx5. Far Western detection with anti-HA monoclonal antibody showed that ⌬(72-130)PC2-L703X and ⌬(130-220)PC2-L703X bound to Stx5, but ⌬(5-72)PC2-L703X did not (Fig. 2C, Top) . When the far Western binding was performed with anti-PC2 YCC2 on parallel membranes by using the same lysates, binding of native full length PC2 was detected in all three lysates (Fig. 2C, Bottom) . We conclude that amino acids 5-72 of PC2 directly interact with the t-SNARE domain of Stx5.
Stx5 Inhibits Channel Activity of PC2. Coexpression of Stx5 and PC2 did not alter the cellular localization of PC2 by increasing expression in the Golgi or cilia (data not shown). Syntaxin proteins associate with and regulate Ca 2ϩ channels [reviewed in (26) ]. Given that PC2 is an ER channel that interacts with Stx5, we investigated the role for Stx5 in regulating PC2 channel activity. We had previously defined the single channel properties of over-expressed PC2 in ER-derived vesicles fused to lipid bilayers (5, 11) . Addition of increasing concentrations of the F7-MBP fusion protein containing only the syntaxin domain that does not bind PC2 to the cytoplasmic side of the bilayer had no effect on the channel properties of PC2 (Fig. 3 A) . Addition of the F1-MBP fusion peptide that is capable binding PC2 resulted in concentration dependent inhibition of the channel activity with an IC 50 of 80 ng/ml ( Fig. 3 B and D) . This effect was only observed when F1 was added to the cytoplasmic side of the bilayer, not when it was added to the ER luminal side (data not shown). ER-derived vesicles were also prepared from LLC-PK 1 cells stably over-expressing PC2 with an in-frame deletion of amino acids 5-72 [⌬(5-72)PC2]. The levels of heterologous protein expression in the PC2 and ⌬(5-72)PC2 LLC-PK 1 cell lines from which ER vesicles were prepared were comparable (Fig. S4A) . Fusion of the vesicles to lipid bilayers yielded channel activity typical of the PC2 channel despite the lack of the Stx5 interaction domain (Fig. 3C) . Addition of increasing concentrations of F1-MBP fusion protein to the cytoplasmic side had no effect on channel activity in bilayers containing ⌬(5-72)PC2 (Fig.  3 C and D) . The data show that interaction of Stx5 with PC2 specifically blocks PC2 channel activity by direct interaction and that the first 72 aa of the NH 2 terminus of PC2 are not necessary for channel function but are essential for the inhibition of channel activity by Stx5. tion of AVP-induced Ca 2ϩ release from intracellular pools (5, 11) . Given the regulation of PC2 channel activity by Stx5 in single channel studies, we assessed whether interaction with Stx5 had an effect on PC2-dependent intracellular Ca 2ϩ homeostasis in vivo. We used ratiometric Ca 2ϩ imaging to monitor changes in cytosolic and ER Ca 2ϩ content in LLC-PK 1 cells stably expressing empty vector, full-length PC2, or ⌬(5-72)PC2. Protein expression levels for two independent stable cell line clones for each were similar and Ͼ 90% of cells expressed either PC2 or ⌬(5-72)PC2 in the respective cell lines (Fig. S4) . All cell lines responded with increases in cytosolic Ca 2ϩ ([Ca 2ϩ ] i ) on treatment with 200-nM AVP in the absence of extracellular Ca 2ϩ (Fig. 4A) .
The mean peak rise of [Ca 2ϩ ] i in response to AVP stimulation was 189 nM in cells expressing the empty vector (n ϭ 176) and 309 nM in cells over-expressing full length PC2 (n ϭ 191) (Fig. 4 A and  B) (5) . However, cells expressing ⌬(5-72)PC2 (n ϭ 219) showed only a 39-nM increase in [Ca 2ϩ ] i response to AVP (Fig. 4 A and B) . The mean baseline [Ca 2ϩ ] i in unstimulated LLC-PK 1 cell lines expressing empty vector, PC2 and ⌬ (5-72)PC2 was 69 Ϯ 4.5 nM, 77 Ϯ 3.3 nM (P Ͻ 0.01), and 101 Ϯ 6.3 nM (P Ͻ 0.001), respectively. Expressed as a percent of the empty vector baseline [Ca 2ϩ ] i , PC2 over-expressing cells had a resting Ca 2ϩ Ϸ12% above control, whereas cells expressing ⌬(5-72)PC2 had resting Ca 2ϩ Ϸ47% above baseline (Fig. 4C) . This increase in cellular [Ca 2ϩ ] i showed an inverse correlation to ER Ca 2ϩ stores which were reduced to Ϸ73% of baseline in cells over-expressing WT PC2 and to Ϸ34% in cells expressing ⌬(5-72)PC2 (Fig. 4D) To test whether endogenous PC2 functions in a similar manner to over-expressed PC2 in determining cellular Ca 2ϩ homeostasis in epithelial cells, we used our previously described paired Pkd2 ϩ/Ϫ and Pkd2 Ϫ/Ϫ cells derived from mutant mice (Fig. 4E) (25) . Fig. 4E ). In aggregate, the data suggest that resting [Ca 2ϩ ] i in epithelial cells depend on PC2 activity, which in turn depends on both PC2 expression level and on inhibition of the PC2 channel by physical interaction with Stx5.
Discussion
We used an unbiased protein interaction screen to discover Stx5, an ER and Golgi-associated t-SNARE (22, 23), as a PC2 NH 2 - terminal interacting partner. Before this, RyR was the only known PC2 NH 2 -terminus-binding partner (12) . However, even in the latter, the functional interaction inhibiting RyR function is mediated by the COOH-terminal tail of PC2 (12) . The only previously known functional domain in the intracellular NH 2 -terminal region of PC2 is the cilial-targeting signal R 6 VxP (25). Stx5 and PC2 are expressed and functional in the ER, so the cellular location for the two proteins is permissive for a physiological interaction. Stx5 interacts with PC2 via its t-SNARE domain (also known as the H3 domain) located in the COOH-terminal third of the molecule before the transmembrane domain. This same domain in Stx1A is responsible for its interaction with voltage-dependent Ca 2ϩ channels (VDCC) (27) , Kv channels (28), ENaC (21) , and CFTR (29) . Stx1A interaction with ENaC and CFTR affects cell surface expression of the respective channels (30), but we were not able to identify any changes in the cellular location of PC2 with coexpression of Stx5. Direct physical interaction of PC2 and Stx5 was shown with in vitro binding assays, and the association of native proteins in cells and tissues was demonstrated by coimmunoprecipitation studies. The specificity of the Stx5 interaction was suggested by the failure of several other syntaxins to interact with PC2 in our assays. Binding of Stx1A to VDCC, Kv, EnaC, and CFTR inhibits transport activity of each channel (18) (19) (20) (21) . In keeping with this paradigm, the interaction of Stx5 with PC2 inhibits the PC2 channel.
Ca 2ϩ regulates SNARE complex activity (31) and PC2 is the only Ca 2ϩ channel beside the synaptic N-and P/Q-type VDDCs known to be gated by a syntaxin. In the case of the VDCCs, the association of the t-SNARE with the Ca 2ϩ channel has direct functional implications (27) . Synaptic exocytic events are dependent on relatively high Ca 2ϩ concentrations that alter the SNARE complex structure to regulate membrane fusion and neurotransmitter release (31). The high Ca 2ϩ concentrations required for this process are best achieved in the immediate proximity of the channel proteins (27) , suggesting that the physical association with VDCC is permissive for SNARE complex assembly and function. Depending on the stage in the exocytic cycle, the interacting Stx1A may contribute to VDCC inactivation, providing feedback to modulate Ca 2ϩ entry (27) . PC2 may serve an analogous role in ER-to-Golgi SNARE complex function, as VDCC serve in presynaptic vesicle fusion. The association of Stx5 with PC2 may allow for local elevations in Ca 2ϩ sufficient to cause SNARE complex assembly and function in the ER-to-Golgi compartment.
There is evidence that PC2 can function independently of PC1 in various stages of development and in different cellular locations. For example, Pkd2 Ϫ/Ϫ mice have defects in left-right axis determination (32), whereas Pkd1 Ϫ/Ϫ mice do not (33) , suggesting that PC2 and PC1 functions diverge in embryonic nodal cilia. In lumenforming epithelial cells, PC2 and PC1 colocalize in cilia (2, 3), but PC2 is also abundantly expressed in the ER (4) and PC1 does not appear to be (Y. Cai, S.S., unpublished observations). Another interacting proteins know to inhibit the PC2 channel is mDia, a downstream effector of RhoA that binds to the COOH terminus of PC2 (15, 34) . mDia is involved in actin dynamics, is not associated with the ER membrane (17) , and is unlikely to modulate PC2 activity in the ER.
Our data suggest that abundant ER PC2 has a role in Ca 2ϩ homeostasis in epithelial cells. There is a graded change in cytosolic Ca 2ϩ concentration with absence, haploinsufficiency, and over-expression of PC2, respectively. This suggests that the level of PC2 expression in the setting of a presumed constant level of Stx5 results in altered cytosolic Ca 2ϩ levels. As a corollary, patients carrying heterozygous PKD2 mutations will have a reduction in resting steady-state cellular Ca 2ϩ levels. Similar findings have been reported in smooth muscle cells from Pkd2 ϩ/Ϫ mice (35) . The critical role of Stx5 in PC2-dependent epithelial cell Ca 2ϩ homeostasis is shown by the significant depletion of ER stores and the increase in cytosolic Ca 2ϩ when the interaction of Stx5 with functional PC2 channels is abolished.
Mutations in RyR that cause exercise-induced sudden cardiac death result from ''leaky'' RyR channels because of decreased binding to the calstabin-2 subunit that normally stabilizes the closed state of the RyR channel (36) . PC2 is expressed in cardiac muscle where it regulates RyR (12); it may be that independent of this function, mutations in the Stx5 binding domain of PC2 that reduce Stx5 binding may predispose individuals to cardiac arrhythmias under certain conditions. Conversely, to the extent that PC2-dependent cellular Ca 2ϩ is important to the alterations of cellular phenotypes that result in cyst formation in vivo, agents that selectively diminish the Stx5-PC2 interaction may be useful in modulating cellular Ca 2ϩ in ADPKD resulting from loss of PC1.
Finally, changes in total cellular Ca 2ϩ in response to laminar shear stress under flow have been attributed to the PC1-PC2 complex in ciliated epithelial cell monolayers (8, 9, 37) . The rise in cellular Ca 2ϩ requires both Ca 2ϩ entry and Ca 2ϩ release from ER stores. The relative contribution from these sources to the rise in total cellular Ca 2ϩ is uncertain, although it is unlikely that the bulk of the Ca 2ϩ enters exclusively through the ciliary channels. InsP 3 R and RyR have been implicated in the release of ER stores in response to flow (8, 9) , but the role of PC2 has not been evaluated. This is especially noteworthy, because PC2 has been implicated in both InsP 3 R and RyR function (6, 12) . The role of PC2 in epithelial cellular Ca 2ϩ homeostasis described in the current study suggests that the ER-release channel function of PC2 needs to be directly evaluated in both the cell culture-based and in vivo models to fully understand the role of PC2 and cellular Ca 2ϩ levels in the pathogenesis of polycystic kidney disease.
Materials and Methods
Yeast Two-Hybrid Screening. Two-hybrid screening was performed by the method described in the literature (38, 39) . Briefly, a LexA-fusion protein bait containing codons 3 to 213 of PC2 in the pBTM116 vector was used to screen a mouse embryo days 9 to 11, library cloned into pVP16 as prey. Bait and prey were cotransformed into L40 strain cells and clones that grew in the absence of His, Trp, and Leu were confirmed by using a ␤-gal filter assay (39) . Positive clones were cured of the pBTM116 LexA-PC2 plasmid by growth in Trp-containing medium and then mated against yeast strain NA87-11A, containing plasmid pBTM116 expressing either LexA-PC2 (positive control) or LexA fusion proteins with portions of the CD40 cytosolic domain or lamin C (39). Mated cells were selected in medium that lacked Trp (pBTM116 plasmid) and Leu (pVP16 plasmid) and specificity of interaction confirmed by the ability to transactivate a lacZ reporter gene by using the ␤-gal filter assay. Confirmed clone inserts were amplified by PCR and identified by sequencing. Stx5 was one of 36 interacting sequences identified in this screen.
Expression Constructs. The PC2 constructs have been previously described (4, 25) . Stx5 cDNA was amplified by RT-PCR from mouse brain polyA RNA (Clontech) by using SuperScript II (Invitrogen) with the following primers: 5Ј-ggaattc ATG TTC TGC CGG GAT CGG-3Ј and 5Ј-acgcgtcgac TCA GGC AAG GAA GAC CAC AAA G-3Ј. Products were subcloned into pCDNA3.1/myc (Invitrogen) and sequenced in both directions. Partial Stx5 clones to express fusion proteins were produced by PCR, subcloned into pMAL-C2 vector, sequence verified, and purified by amylose-resin chromatography (NEB).
Antibodies and Immunofluorescent Labeling. Immunofluorescent cell labeling was performed as previously described (25) . Rabbit polyclonal antisera (HRP) were generated against the F1-PGEX2T fusion peptide containing the cytoplasmic domain of mouse Stx5. The following primary antisera/antibodies were used in this study: polyclonal antihuman PC2, YCC2 (C-terminal), and YCB9 (Nterminal) (4); mouse monoclonal antihuman PC2, YCE2 (C-terminal) (11); polyclonal anti-HA (71-5500, Zymed); monoclonal anti-HA (mouse, MMS-101R, Covance; rat, clone 3F10, Roche); mouse monoclonal anti-Myc ab (clone 9E10, Roche).
Cell Lines. LLC-PK 1 (CRL1392, ATCC) and M1 (kind gift from Eero Lehtonen, University of Helsinki, Helsinki, Finland) cells were maintained in DMEM:F12 (1:1) with 5% FBS. Pkd2 Ϫ/Ϫ cell lines (2D2, 5C1) and Pkd2 ϩ/Ϫ cell lines (3B3, 2G10) have been described previously (25) . Full-length PC2 was re-expressed in 2D2 cells. Conditionally immortalized (Immortomouse, Charles River) cell lines from Pkd2 BAC transgenic lines were maintained in defined medium as described previously (25) . At least two independent cell lines were used in all experiments to control for clonal artifacts.
In Vitro Binding Assays. For fusion protein in vitro binding, purified pMAL-Stx5 fusion peptides F1, F2, F7, and F8 (see Fig. S1 ) were transferred onto PVDF membranes. Ten g of purified GST-PC2 NH2-terminal fusion protein (amino acids 3-213) (4) was diluted in 10-ml reaction buffer (10-mM Tris, pH 7.5; 1-mM EDTA; 1% CHAPS; 0.1% Nonidet P-40, and protease inhibitors) and incubated with PVDF membranes at 4°C for 2 h. After washing with three exchanges of reaction buffer, the bound GST-PC2 was detected by using NH 2-terminal anti-PC2 antisera (YCB9) (1:2,000) (4). For native protein in vitro binding, 500 g of protein from total cell lysates of LLC-PK 1 cells stably expressing HA epitope-tagged PC2 NH 2-terminal deletion constructs ⌬(5-72)PC2-L703X, ⌬(72-130)PC2-L703X and ⌬(130-220)PC2-L703X were each suspended in 10-ml reaction buffer and incubated with PVDF membranes containing immobilized Stx5 pMAL-F1 fusion protein at 4°C for 2 h. The binding of the NH 2-terminal deletion constructs on the membranes were detected with anti-HA and binding of native PC2 was detected with YCC2 (1:6,000).
Immunoprecipitation and Immunoblotting. Cells were lysed with 1% CHAPS in 10-mM Tris, pH 7.5, 1-mM EDTA, and protease inhibitors (lysis buffer). Immunoprecipitation from the lysates was performed with either anti-PC2 or anti-Stx5 primary antisera/antibodies, and presence of the respective binding partner in the immunoprecipitates was monitored by immunoblotting by using specific antisera followed by detection with ECL (Amersham).
Bilayer Recordings and Ratiometric Ca 2؉ Imaging. Bilayer recordings were performed as previously described (5, 11). The methods are described in the SI Methods. The ratiometric Ca 2ϩ imaging methods have also been previously described (40) . Briefly, LLC-PK 1 cell lines were grown on glass coverslips to subconfluent density. Cells were loaded with 5-M Fura-2/AM at 37°C for 30 min in a standard solution (in mM): 137 NaCl, 5 KCl, 1 MgSO 4, 1 Na2HPO4, 2 CaCl2, 10 Hepes, 5.6 glucose, pH 7.4, 0.02% pluronic acid, and 1 mM probenecid. After loading, Fura-2 was allowed to de-esterify for at least 10 min at room temperature in standard solution. where K d is the dissociation constant of fura-2 for Ca 2ϩ at room temperature (i.e., 225 nM); Q is the fluorescence ratio of the emission intensity excited by 380 nm in the absence of Ca 2ϩ to that during the presence of saturating Ca 2ϩ ; Rmin and R max are the minimal or maximal fluorescence ratios respectively. Rmin was measured by perfusion with Ca 2ϩ -free Hepes buffer (as described above) containing 10-M ionomycin. Rmax was obtained by perfusion with standard solution containing 10-mM CaCl 2 and 10-M ionomycin. ER-Ca 2ϩ was measured by depletion of ER-stores with 5 M of the sarco-endoplasmic reticlum Ca ATPase inhibitor thapsigargin over 5 min in Ca 2ϩ -free Hepes buffer. Released Ca 2ϩ was calculated by subtracting baseline Ca 2ϩ and plotted over time. The area under the release curve was calculated by using a macro in SigmaPlot 10 (Systat Software).
Statistics.
Comparisons of cellular responses were carried out by using one-way analysis of variance on ranks (the nonparametric Kruskal-Wallis test) with posttest multiple pair-wise comparisons done by Dunn's method. A 200-m hole in the side of a polystyrene cup separating two chambers with a volume of 1 ml each was prepainted with a decane solution of 1,2-diphytanoyl-sn-glycero-3-phosphocholine(DOPC)/1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS) in 6:1 weight ratio. Once the solvent dried, the two sides were filled with buffer solutions. The cis-side (cytoplasmic) buffer contained 250-mM Hepes-Tris pH 7.35 and 300-nM free Ca 2ϩ . The trans-side (ER lumen) had 250-mM Hepes-Tris pH 7.35 plus 53-mM Ba 2ϩ . The hole was painted again with a decane solution of 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE)/DOPS in 6:1 weight ratio. Once a bilayer was formed, reconstituted ER vesicles were added into the cis chamber and mixed by stirring. Normally, insertion of the channel into the bilayer would occur within 10 min. After the fusion event, the cis-chamber was perfused with cis-buffer at least 15 times the chamber volume. Increasing concentrations of Stx5 F1 or F7 was added to the cis compartment and mixed to get concentrations of 50, 100, 150, 200 and 1000 ng/ml for F7 and concentrations of 50, 70, 80, 90, 100, 150, and 200 ng/ml for F1. The channel activity was recorded at 0 mV. Single channel currents were amplified using a bilayer clamp amplifier (Warner Instruments) and were recorded directly to a computer disk drive. Data were filtered with an eight pole Bessel filter to 500 Hz and analyzed using pClamp 9.0 software package (Molecular Devices). . HA epitope-tagged over-expressed proteins were detected by anti-HA. Four independent cell lines (two for each protein form) showed comparable levels of expression (A) and were all expressed in Ͼ 90% of cells (B). Anti-HA, green.
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